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Abstract 
The rationale for choosing the freeze-frac-
ture freeze-drying (FFFD) method of biological 
bulk specimen preparation as well as the theo-
retical and practical problems of this method are 
treated. FFFD specimens are suitable for quan-
titative X-ray microanalysis of biologically re-
levant elements. Although the spatial resolution 
of this analytical technique is low, the applica-
tion of properly selected bulk standard crystals 
as well as the measurement of the intracellular 
water and dry mass content by means of an-
other method developed in the same laboratory, 
allow us to obtain useful information about the 
age-dependent changes of ionic composition in 
the main intracellular compartments. The paper 
summarizes the problems with regard to speci -
men preparation, beam penetration and the 
quantitative analysis of FFFD specimens. The 
method has been applied so far mainly for the 
analysis of intranuclear and intracytoplasmic 
concentrations of Na, Cl and K in various types 
of cells and has resulted in a significant con-
tribution to our understanding of the cellular 
mechanisms of aging. 
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penetration in bulk specimens, standards for 
bulk specimen, quantitative microanalysis in 
bulk specimens. 
Address for correspondence: 
Imre Zs.-Nagy, DOTE, VILEG 
H-4012 DEBRECEN, Hungary 
Phone no. (36-52) 18-470. 
301 
Introduction 
The basic principles and various features 
of the X-ray microanalytical method have been 
summarized in excellent books and review pa-
pers (Beaman and Isasi, 1972, Hall et al. 197 4, 
Russ, 1974, Panessa, 1974, Barbi, 1979, Chan-
dler, 1979, Newbury, 1979, Marshall, 1980, 
Roomans, 1979, 1980, Gupta and Hall, 1981, 
1982, 1984; Hall and Gupta, 1983, 1984, 1986; 
Hall, 1986, etc.) . Therefore, the aim of this 
paper is not to repeat the available information. 
The present paper is intended rather to summa-
rize the available knowledge regarding a par -
ticular method of X-ray microanalysis specially 
developed in 1974-75 in our laboratory and hav-
ing been used since that time to answer some 
defined questions of experimental gerontology. 
Although this method has been applied to quite 
a wide variety of problems ( see for ref. : Zs. -
Nagy 1983), its potential has remained under-
estimated by most authors. Therefore, it ap-
peared desirable to summarize our experience in 
a tutorial way, in order to offer a com-
prehensive description for everyone who intends 
to apply this method in the future. 
Why to choose bulk specimens? 
The application of the X-ray microanaly-
tical method to biological problems started dur-
ing the late sixties when the electron probe X-
ray microanalyzer and th e conventional scanning 
electron microscope had been combined into a 
single instrument. There was a considerable 
enthusiasm among the biologists at that time, 
since the possibility of measuring elemental 
quantities as low as 10- 18 g was offered by this 
method. To obtain at the same time also struc-
tural, distributional and localizational informa-
tion about the particular element was very at-
tractive. Unfortunately, however, this enthu-
siasm was not entirely justified for two main 
reasons explained below. 
1. Although 10- 18 g is a very small quan-
tity, one has to recognize that at least this 
amount must be present in the analyzed micro-
volume, otherwise one cannot obtain a signi-
ficant peak above the background intensity 
within a reasonably short time. However, most 
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of the elements of biological significance are 
present in the intracellular space in by far 
lower concentrations than would be necessary to 
achieve a spatial resolution obtainable in 
conventional electron microscopy of ultrathin 
sections. Therefore, when analyzing the con-
centration of natural components of the living 
material, one has to consider basically two pos-
sibilities: (i) in the case of thin specimens one 
has to increase the analyzed area laterally (and 
also in depth to a certain extent, as compared 
to the ultrathin sections), or (ii) in case of 
bulk specimens one is doing so in depth. Trace 
elements cannot even be mentioned as possible 
candidates for X-ray microanalytical work 
(Gupta and Hall, 1982). 
2. The second disappointing fact was that 
even if one accepts great compromises with re-
gard to the spatial resolution, it is still very 
troublesome to make suitable specimens in which 
all mobile, light elements remain at their ori-
ginal place. The best method known so far for 
a reliable preservation of the in situ elemental 
distribution in biological specimens is the 
quench-freezing which should be performed as 
quickly as possible. However, this must be fol-
lowed by a proper method of exploration of the 
intracellular compartments to obtain a specimen 
suitable for X-ray microanalysis. We actually 
know two basic methods of such an exploration: 
(i) cryo-sectioning, and (ii) freeze-fracture. It 
is important to stress the general requirement 
that post-preparative diffusion artifacts must be 
avoided in these specimens. 
The cryo-sectioning method of tissue ex-
ploration is quite a troublesome technique . It is 
outside the scope of the present tutorial paper 
to discuss the problems related to this metho-
dology; sufficient information is available in nu-
merous papers (Echlin, 1975, 1978, 1979, Som-
ly6 et al. 1977, 1979a, 1979b, 1985, Ingram and 
Ingram, 1980, Hagler et al. 1980, Wendt - Galli-
telli and Wolburg , 1981, Gupta and Hall, 1981, 
1984, Moreton, 1981, Harvey, 1982, Roomans et 
al. 1982, Sitte, 1982, Zierold, 1982a, 1982b, 
1983, 1986a, 1986b, Sumner, 1983, Hall, 1985, 
Meyer et al. 1985, Saubermann et al. 1981a, 
1981b, etc). Although a considerable impro -
vement has been achieved during the last de-
cade in the methodology and application of the 
cryosection technique, it should be pointed out 
that during the early seventies when our la-
boratory started the application of X-ray mic-
roanalysis for gerontological research, both the 
frozen-hydrated or freeze-dried sections allowed 
us to recognize only the main cell and tissue 
compartments, like the nucleus, the cytoplasm, 
and the extracellular space (Dorge et al., 1974, 
1978, Moreton et al. 197 4). We have pointed out 
in our first relevant publication (Zs. -Nagy et 
al. 1977) that this level of structural resolution 
can easily be achieved even in freeze-fractured, 
freeze-dried (FFFD), non-coated, bulk speci-
mens. Therefore, the author of this paper deci -
ded in 197 4 not to follow the methodology of 
cryo-sectioning. The very first experimental 
results demonstrated that the bulk specimen a-
nalysis of FFFD biological tissues may deliver 
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useful quantitative information, if proper ana-
lytical conditions are fulfilled. On the other 
hand, the preparation of such specimens is by 
far much quicker , easier and more reproducible 
than that of the cryo-sections. The validity of 
the bulk specimen approach has been accepted 
later by several authors (Marshall, 1980, Echlin 
et al. 1982, Echlin and Taylor, 1986). 
Specimen preparation 
One has to keep in mind that the in vivo 
distribution of the biologically occurring elec-
trolytes can be maintained only by lowering th e 
temp_erature _of the living . tissue as quickly as 
possible . This can be achieved, if small tissue 
pieces (about 1 x 1 x 2 mm) are excised from 
!he (possibly living) animal and quenched in 
~sopentane (or other cooling medium) cooled to 
its melting point by liquid nitrogen. In the case 
of isopentane this temperature is -16o 0 c (Hodg-
man et al. 1959-60). The most practical method 
is jus_t to ~rop t~ e tissue piece in the isopen-
tane m which sohd and liquid parts are pre-
sent. However, other methods of quench freez -
ing may also be suitable. 
The cells on the external surfaces of the 
!issue piece. a:e obviously heavily damaged dur -
mg the excis10n and are therefore not suitable 
for analytical purposes. Nevertheless, the cells 
localiz_ed inside the tissue piece remain practi-
cally mtact, and one can explore these internal 
cells by fracturing the tissue piece while it is 
still in the frozen state. This can be achieved 
very s~mp_ly by using a pair of scissors (pre-
cooled in isopentane): the tissue pieces must be 
br?ken across their longitudinal axis by the 
sciss ors, and due to the fact that the frozen 
tissue becomes hard and fragile, one obtains 
usually a quite nice breaking plane. 
The freeze-fractured specimens must then 
be freeze-dried in order to remove the water . 
This can be done using various equipment. In 
our laboratory the vacuum evaporators (JEOL 
JEE-B or JEE -4X equipped with the EE-ACE 
co~ling attachment) are us ed for this purpose. 
This system allows us to keep the specimen hol -
der in a temperature range from -80 to -120°c, 
whereas the "cold finger" is kept at liquid nit-
rogen temperature. The minimum distance in 
this system between the specimen holder and 
the "col~ 1:inger" is 30 mm, ~~d the -~ighest 
vacuum 1s m the range of 10 - 10 Torr. 
At a specimen temperature between -80 to 
-100°c in this instrument (on average about 
-90°C), the tissue pieces dry without reaching 
the recrystallization temperature of ice ( about 
-70°C), i.e. , the original distribution of the 
light, mobile elements such as sodium and po-
tassium is maintained. The vacuum and the tem-
perature differences mentioned above should be 
kept in the system for about 4-5 h (we can 
place 6 types of tissue, 2-4 pieces each at one 
time in the specimen holder), sufficient for 
drying the tissue pieces. It should be noted 
that the parameters of our freeze-drying pro-
cedure have been established empirically, ne-
vertheless, later theoretical work confirmed 
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their validity. Namely, the drying time per 1 
mm ice was given by Umrath (1983) for this 
temperature interval as ranging from 3. 6 h to 
almost 46 days_'5 if the pressure is in the range of 10 - 10 Torr. Considering that in our 
system the vacuum is at least an order of mag-
nitude better and the specimen size is within 1 
mm, the schedule of freeze-drying described 
above results in a suitable drying of the tissue 
pieces. The time required may also depend on 
the tissue quantity freeze-dried at the same 
time. After 5 h we suspend the cooling of the 
specimen holder. Subsequently, the temperature 
rises gradually to room temperature within 
about 2 h. The "cold finger" is cooled maximally 
even during this period. In order to be sure 
that no water-condensation takes place on the 
specimens when the vacuum is suspended, the 
temperature of the specimen holder is increased 
by the incorporated heating element to about 
30-35°C, before the vacuum is broken. The 
specimens are removed and the "cold finger" is 
warmed up and dried. Afterwards the specimens 
are stored in vacuum in the same evapor_aj:or 
wh_¥e they can be maintained at about 10 ~ 
10 Torr practically without time limitation and 
risk for electrolyte redistribution. 
Electron microscopy of the FFFD specimen 
The FFFD specimens can be handled very 
easily under a light microscope. The freeze -
fractured surface can be recognized with cer-
tainty since it is devoid of blood contamination, 
i.e. , it appears almost completely white after 
freeze-drying, where as the other cut surfaces 
of the tissue block always show some "dirty" 
appearance because of the rest of blood. The 
selected specimen(s) can be mounted easily on 
the regular specimen holders of any scanning 
microscope by simply attaching them by means 
of a conductive glue. In certain types of 
electron microscopes one might have to modify 
the specimen holder somewhat but this is not a 
serious problem. 
Extensive evidence has been published re-
garding FFFD specimens of liver, brain, tumor, 
etc., tissues demonstrating that they can be in-
vestigated in the scanning electron microscope 
without any coating layer (Zs.-Nagy et al.1977, 
1981b, 1983, Zs.-Nagy, 1983, Bertoni-Freddari 
et al. 1981, etc). Even as long as 1 min expo-
sure times did not give blurred or out-of-focus 
micrographs, i.e. , the surface charging can be 
neglected. The effective beam current in these 
specimens proved to be in the order of magni-
tude of 1-2 pA (Zs.-Nagy et al. 1982). The low 
charging may be due to the fact that the total 
bulk conductivity of the FFFD specimen is com-
parable to that of the carbon coatings. As a 
matter of fact, one never encounters very 
strong electrostatic charging of the specimen, if 
the accelerating voltage is kept in a reasonably 
low range (10-20 kV). Other authors (Marshall, 
1980, Echlin et al. 1982, Echlin and Taylor, 
1986) using bulk specimens cover the surface 
with various layers (carbon, Al, Cr) . However, 
in this case the preparative work becomes more 
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time-consuming, and the quantitative analysis 
should consider the contribution of coating 
layer to the background. On the the other 
hand, one gets a "nicer" morphology of the 
specimen surface. 
It has been shown in various papers from 
our laboratory (Zs.-Nagy et al. 1977, 1981b, 
1983, Bertoni-Freddari et al. 1981), that using 
the secondary electron image mode on the FFFD 
specimen one can recognize all the major tissue 
and cell compartments, like the extra- and in-
tracellular space, nucleus, cytoplasm, various 
cell types, red blood cells, etc. X-ray micro-
analysis can be performed at any place on the 
upper surface either in point form, or in re-
gular scanning mode according to one's choice. 
It is important, however, to consider the pe-
netration depth of the electron beam in the gi-
ven specimen, in order to obtain an estimation 
about the real size of the analyzed volume. 
The problem of beam penetration 
One can calculate values for the penetra-
tion depth of a given accelerating voltage from 
the physical theory using the so-called range-
equations (Beaman and Isasi, 1972). In one of 
our previous papers (Zs.-Nagy et al. 1982) we 
have shown that these calculations may give 
considerably different values, since the con-
stants used by various authors are different. 
Therefore, it appeared more appropriate to per-
form some direct measurements on this parame-
ter (Zs.-Nagy et al., 1977), in order to be 
sure about the maximum depth of the origin of 
the collected X-ray photons from a given cellu-
lar area. These types of investigation which can 
be carried out for any type of tissue or mate-
rial, may be useful. Therefore, they are sum-
marized below. 
The concept of the method used can be 
called the sandwich technique. Sectioned layers 
of Araldite (or tissue) of various thicknesses 
are layered onto a foil of aluminium and this 
sandwich is brought into the analytical electron 
microscope. One should position this specimen 
in the microscope so that the pure Al and the 
sandwich can be seen with very little movement 
of the specimen stage. The two parts are clear-
ly recognized simply on the basis of their mor-
phology. One can perform X-ray microanalysis 
on the pure Al surface as well as on the sand-
wich using standardized microscope parameters 
( accelerating voltage, nominal beam current, 
magnification, scanning speed, tilting, etc). 
Obviously, the highest intensity of the Al-peak 
is obtained on the pure Al surface, whereas the 
sandwiches will give lower Al-peaks with in-
creasing thickness of the superposed layer. In 
this way one can determine the thickness of the 
section at which no Al X-rays reach the detec-
tor. This section thickness indicates in practice 
the maximum penetration depth reached by the 
electrons with sufficient energy to excite the Al 
below the section. More precisely, there is a 
situation in which the Al excitation and the ab-
sorption of the Al X-rays by the section are 
equal, i.e., no Al is detected. Similar studies 
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were performed in which copper instead of Al 
was used and the results can be found in detail 
in Zs.-Nagy et al. (1977). The main conclusions 
are that (i) this method gives results in the 
range calculated on the basis of a theoretical 
approach; (ii) in FFFD liver specimens the max-
imum penetration depth of 10 kV electrons is 
about 4-5 µ m, i.e. , when the analysis is per-
formed at this accelerating voltage, the analy-
zed microvolume may remain within half of a he-
patocyte nucleus; (iii) using this principle for 
various tissues one can always control the pe-
netration depth of the exciting electron beam 
under standardized conditions. It is important 
to realize that the maximum penetration depth is 
somewhat different for various elements: e.g. , 
for Na it is larger, whereas for K it is smaller 
than for Al. It should also be noted that the 
necessary overvoltage ratio for a satisfactory 
excitation of the elements to be analyzed is es-
timated to be about 2.0 - 2.5 (Russ, 1974). Us-
ing 10 kV electrons this requirement is satisfied 
in practice for all biologically occurring ele-
ments including the calcium. 
Recording X-ray spectra in FFFD specimens 
The surface of the FFFD specimen does not 
permit high spatial resolution in morphological 
terms. Nevertheless, one can select regions in 
the nucleus or cytoplasm for microanalysis. By 
increasing the magnification up to about x30, 000 
- 100,000 one can obtain quite a small analyzed 
area (although obviously the penetration depth 
has to be taken into account). At such a high 
magnification no structural details can be recog-
nized. However, lowering the magnification 
again after the analysis had been performed, 
one can clearly recognize where the beam was 
positioned during the analysis, since one can 
see a slight contamination spot on that place. 
Usually a 40 second analysis time with a cps of 
400 - 500 is quite sufficient to obtain a suitable 
spectrum in which one can recognize the most 
important peaks like sodium, magnesium, phos-
phorus, sulfur, chloride, potassium and ( only 
in some tissues) calcium. The analysis of this 
latter element represents a great difficulty in 
biological materials, since we usually find a 
very high intracellular potassium content, and 
the K line of this element strongly overlaps 
with t~e K of calcium. In addition, the calcium 
concentrati13n in the cytoplasm is usually much 
lower than that of potassium. Therefore, any 
separation method of the overlapping peaks is 
rather difficult. The handling of the obtained 
spectra depends on the available computer capa-
city of the system used. However, quantitative 
data could be obtained on the FFFD specimens 
even by means of the most primitive computer 
systems represented by the EDAX Micro Edit 
system (Zs.-Nagy et al. 1977), which was avail-
able long before the microprocessors. 
Quantitative analysis 
One of the greatest problems in the X-ray 
microanalysis is the proper selection of the 
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method of quantification of the collected data. 
The most reliable method according to our expe-
rience for the FFFD specimens proved to be the 
mass-fraction method of Hall et al. (1973). This 
method had originally been elaborated for thin 
specimens, nevertheless, its validity for thick 
specimens has also been demonstrated (Millner 
and Cobet, 1972, 1973) and adopted later on 
also by others (Marshall, 1980, Echlin et al. 
1982, Echlin and Taylor, 1986). The principle 




where C is the mass fraction of element x, A 
is the afomic weight of element x or any other 
elements in the standard, n and n represent 
the counts in the peak ar?'d the ~ackground, 
respectively, sp and st indicate the specimen 
and the standard, N stands for the number of 
the atoms of element x in the standard mole-
cule, whereas N indicates the number of the 
atoms of any element in the standard, Z is the 
respective atomic number. 
Equation (1) can be used for quantitation, 
if proper standards can be found and measu-
red. However, according to the physical theo-
ry, bulk samples require a correction for the 
interelement influences, called ZAF correction. 
Although the computer capacities available today 
could perform this type of correction without 
any problem, the validity of ZAF correction me-
thods is doubtful for the light elements distri-
buted in an organic matrix because of the unsa-
tisfactory exactness of the physical constants, 
etc. (Russ, 197 4). Therefore, one had to find 
a compromise allowing us to perform the quan-
titative analysis even without ZAF correction. 
We shall demonstrate here a simple but powerful 
method which has been elaborated for this pur-
pose (Zs.-Nagy and Pieri, 1976, Zs.-Nagy et 
al. 1977). 
Equation (1) implies that the value: 
y (n /n ) (Z
2
/A)sp 
X W Sp 
(2) 
is directly proportional to the mass fraction of 
element x ( C ) , since all other expressions of 
the equation tl) are constant for a given case. 
Equation (2) allows us to check whether bulk 
crystals of known composition can be used as 
standards without ZAF correction or not. Name-
ly, if various standards are compared to each 
other, i.e. , they are considered as specimens, 
the correlation between Y and C will tell us 
whether a ZAF correction is necersary or not. 
Using an empirical selection of standard bulk 
crystals containing potassium, sodium and chlo-
ride we have established that a good positive 
linear correlation (r is in the range of O. 9920 -
O. 9997) exists between Y and C x, if the crys-
tals are chosen so that apart from the main ele-
ment of interest, the atomic number of the 
other accompanying elements is lower than 
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Z = 11. In such cases, the accompanying ele-
ments were generally C, 0, N, and H, i.e., 
the composition was, in principle, very similar 
to the biological matrix. For a number of cry-
stals listed in our previous papers (Zs.-Nagy 
and Pieri, 1976, Zs.-Nagy et al. 1977) there 
were no technical difficulties when performing 
the analysis, however, some of them proved to 
be unsuitable. (For example, K-oxalate is very 
strongly decomposed by the electron beam, in 
agreement with the observations of others: De 
Meis et al. 1974). Using this possibility, we 







x s (Z2/A) 
Sp (3) 
The value of F was calculated for all standard 
crystals for a given element of interest and 
averaged. The 2FFFD specimens display a value of the mean (Z /A) = 3.28 (Hall et al. 1973); 
this figure was use1H' in each case for our cal-
culations (Zs.-Nagy et al. 1977). The only in-
formation we need from the X-ray spectrum for 
this type of analysis is the net peak integral 
(n ) as well as the value of n , i.e., the 
"wl\ite" counts, or the backgroJhd integral. 
Optimally n should be determined below the 
peak of ele~ent x, but since not all software 
allows the calculation of it, one can also take 
n from any other part of the spectrum, provi -
dfd that no significant peak is present there 
and the same energy range is used also for the 
standards. A further requirement is that no ex-
ce ssive absorption of X-rays should occur in 
the specimen (and the standards) due to the 
problems of surface geometry such as a very 
uneven surface. Further information relevant to 
this problem can be found in the papers of 
Roomans (1981) and Wroblewski et al. (1983). 
In case of FFFD specimens the energy range of 
4 - 6 keV proved to be suitable for this pur -
pose. Therefore, in all our studies, the value 
of n was taken from this range. The value of 
F cari be determined so that F(n /n ) direct-
ly gives the mass fraction of efemlhtsl3c in the 
specimen in % • It is important to stress here 
that values of F are valid for a given instru-
mental configuration. If parameters such as the 
specimen-detector distance, the take-off angle 
of the X-rays, the accelerating voltage, etc, 
are changed, new measurements must be per-
formed on the standards to obtain the values of 
F valid for the new situation. 
One can perform calculations to show that 
this method of avoiding the ZAF correction may 
introduce some systematic error in the final ele-
mental concentrations, but due to the fact that 
the elements K, Na and Cl occur in the FFFD 
type specimen in rather low concentrations, this 
error is certainly negligible. On the other 
hand, the simplicity of this technique permits 
the collection of a great number of data within 
a relatively short time: one analysis requires 40 
sec and together with the calculations and 
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selection of the next cell to be measured, it can 
be performed within 1 min. Even if the cryosec-
tion techniques available today can permit a 
similar speed of getting data, they suffer from 
the disadvantage that cryosections of reprodu-
cible quality are required ( Zierold, 1986b) for 
numerous purposes, which is a really difficult 
task even today. 
The analytical results obtained on the 
FFFD specimens as described above obviously 
give mass fraction values for the dry mass of 
the intracellular compartments. If one intends to 
transform these data to wet concentrations, it is 
necessary to measure the intracellular water 
content. We have elaborated on an X-ray micro-
analytic method for such a purpose, which a-
voids the use of any standards (Lustyik and 
Zs.-Nagy, 1981, 1985, 1987, Zs.-Nagy et al. 
1982). It can be successfully applied to freeze-
fractured frozen-hydrated specimens in a 
scanning electron microscope which in addition 
to the X-ray microanalytical system, possesses a 
Cryo Unit suitable for the handling and micro-
manipulation of frozen-hydrated specimens; this 
method is described in detail in a parallel paper 
(Lustyik and Zs.-Nagy, 1987) . 
The mathematical form used to obtain the 
elemental concentrations in units of mEq/kg in-
tracellular water is the following : 
C 
X 
Rd Fx Cd 10
6 
(1 - Cd) Ax 
(4) 
where Rd is the peak to background ratio of 
the element x measured in the FFFD specimen; 
F is the factor derived from the standards for 
t1fe element x as defined by Equation ( 3) ; Cd is 
the dry-mass fraction of the intracellular space, 
i.e. , (1 - Cd) is the water-mass fraction (both 
determined as described by Zs. -Nagy et al. 
1982, Lustyik and Zs. -Nagy, 1981, 1985, 1987); 
and A is the atomic weight of the monovalent 
elemenf x (or the equivalent weight, if element 
x is not monovalent) . Suitable utility computer 
programs can be used for a straightforward cal-
culation of the elemental concentrations, if the 
data requested are available. 
A survey of the results obtained 
Since the application of the FFFD bulk 
specimen method of X-ray microanalysis to ex-
perimental gerontology and cancer research has 
recently been reviewed (Zs.-Nagy 1983), the 
present paper does not describe detailed re-
sults. However, it seems to be necessary to list 
the most important data also here for three main 
reasons. (i) The reader of this paper can di-
rectly find references to judge the reliability of 
this method. (ii) An outline about the general 
biological background of these studies may be 
important for those who are interested. (iii) 
Some recent progress in the field of experimen-
tal gerontology can be illustrated. 
The first observations using the FFFD 
bulk specimen method were made on age-depen-
I. Zs. - Nagy 
dent changes of the intracellular monovalent e-
lectrolyte contents in rat brain and liver cells 
(Pieri et al. 1977). Although at that time we 
did not have a method for measuring the intra-
cellular water and dry mass content, it was ob-
vious even on the basis of a hypothesized age-
dependent dehydration of the intracellular mass 
that aging causes a considerable increase of the 
monovalent ionic strength in the cytoplasm and 
nucleus of nerve cells and hepatocytes. These 
first results were later confirmed when the wa-
ter content measurements had been performed 
(Lustyik and Zs.-Nagy, 1981, 1985, 1987, Zs.-
Nagy et al. 1982). The development of the mem-
brane hypothesis of aging (MHA) (Zs. -Nagy 
1978, 1979 , 1985, 1986, 1987a, 1987b, Zs.-Nagy 
and Semsei, 1984) was possible on the basis of 
the first X-ray microanalytic observations using 
the bulk specimen method. 
The MHA represents a cell-physiological 
mechanism which can exp lain the aging process 
with general validity. The essential point of 
this hypothesis is that the general physico-
chemical background of the aging process is the 
cross-linking effect of the oxygen free radicals, 
especially of the OH" radicals. The OH" free 
radical reactions are basically density-depen-
dent, therefore , they result in more intermole-
cular damage where the molecules are nearer to 
each other. Since the most compact structures 
of the cells are the cell membranes, the rate of 
damage there is higher than in the cytosolic 
components. The ce ll plasma membrane is ex-
posed to additional damage caused by the so-
called residual heat deriving from the action 
potentials (see for ref.: Zs. - Nagy 1979). As a 
consequence, the leading point of cellular aging 
is a gradual loss of permeability of the cell 
membrane for potassium (and probably for wa-
ter), which, on the other hand, results in a 
gradual increase of the intracellular potassium 
concentration and overall density. It is well 
established that all enzyme activities show an 
inverse exponential correlation with the density 
of their molecular environment (see for ref. : 
Zs. -Nagy 1986). The increase of the intracel-
lular ionic strength and density up to a certain 
level is a phenomenon inherent to cell matura-
tion and differentiation. However, this process 
does not stop at a certain age. Therefore, the 
continuous "maturatiol)." becomes a suicide pro-
cess for the cells, since the increasing intra-
cellular density will cause a decrease of all 
enzyme activities. Among other factors, enzymes 
participating in the direct radical defense 
(e.g., superoxide dismutase, catalase, gluta-
thione peroxidase) become less efficient. Fur-
thermore, the enzymes participating in the eli-
mination and replacement of the damaged compo-
nents will also be insufficient. The result of 
this situation is a dehydration of the body, an 
increase of the cross-linked proteins (Lustyik 
and Zs.-Nagy, 1985, Nagy and Zs.-Nagy, 1984, 
Zs. -Nagy et al. 1981a) as well as of the waste-
products (lipofuscin) in the cells, accompanied 
by a slowing down of the RNA synthesis rate 
(and protein turnover) (Richardson and Semsei, 
1987, Richardson et al. 1985, Semsei et al. 
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1982). These results clearly illustrate how im-
portant the application of the FFFD specimen 
method was to the experimental gerontological 
problems during the last 12 years. 
Some recent results sh_puld also be men-
tioned. For example, the Rb -discrimination ra-
tio has also been measured in the brain and 
confirmed the age-dependent increase of this 
parameter observed before on the liver ( Gyenes 
et al., +1984). It has also been described that 
the Rb -d iscrimin ation ratio behaves quite si-
milarly in vitamin-E deficient rats as during 
normal aging in the brain cells (Pieri et al. 
1986). 
A special application of the FFFD specimen 
X-ray microanalysis was elaborated for an in-
direct determination of the resting, passive 
permeability ratios for potassium and chloride in 
the snail Lymnaea stagnalis L., where intracel-
lular microelectrophysiological measurements 
were first carried out on an identified giant 
neuron of the left parietal ganglion, and sub-
sequently the intracellular monovalent ion as 
well as water concentrations were measured on 
the very same cells by using the bulk specimen 
X-ray microanalysis. Details can be found in 
our paper (Zs.-Nagy et al. 1985). The inves-
tigations on the intracellular monovalent elec-
trolyte content have been extended a lso to 
heart and skeletal muscle cells (Lustyik, 1986, 
Von Zglinicki and Lustyik, 1986). 
Conclusion 
The main conclusion of this paper is that 
the FFFD bulk specimen X- ray microanalytic 
method allows rather easily a great number of 
data regarding the intracellular concentrations 
of the monovalent electrolytes to be obtained. 
Although the obtainable information in practice 
remains at the cellular level, i.e. , no high 
spatial resolution is achieved, these data are of 
great importance for the understanding of the 
cellular mechanisms of the maturation and ag-
ing. This method can successfully be applied to 
other fields where the average intranuclear or 
intracytoplasmic elemental concentrations should 
be considered. 
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Discussion with Reviewers 
G. M. Room ans : Much of what the author says 
for the FFFD specimens about ease of prepara-
tion etc ., applies to thick (Wroblewski et al. 
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1978) and semi-thick (Wroblewski et al. 1983) 
cryosections as well. An advantage of these lat-
ter specimens may be the greater possibility to 
combine the analytical work with histochemical 
studies on adjacent sections. A possible disad-
vantage would be the relatively high temP.era-
ture needed for sectioning (-20 to -35°c). 
Could you comment on this? 
Author: In principle any section thicker than 
the penetration depth of the given accelerating 
voltage used should be considered as a bulk 
specimen. Therefore, I am sure that all aspects 
of our quantitative analysis are valid also for 
those sections. I am glad to know that the ad-
vantages of using bulk specimens have been re-
cognized by others, too, As regards the use of 
adjacent sections for various histochemical re-
actions, this is certainly an advantage of the 
section technique over the FFFD method. The 
relatively high temperature at cutting sections 
most likely causes some redistribution of the 
elements, nevertheless, special investigations 
may reveal whether this is compromising the re-
sults of the given method or not. 
G. M. Roomans : By fracturing the specimen you 
expose an uncontaminated surface, but you also 
use the middle of the block where freezing is 
slowest and ice crystals are large, regardless of 
the freezing method. Do you see any signs of 
ice crystal damage? 
Author: Of course, there is some ice -c rystal 
damag e in the FFFD specimens appearing in the 
form of a certain segregation pattern sub-
sequent to freeze-drying. Cytoplasm and nuc-
leus can be distinguished morphologically be-
cause this pattern is different, due to the 
higher water content of the nuclei as comp ared 
to the cytoplasm. However, this is not signifi-
cant from an analytical point of view, since the 
total excited volume is much larger than the a-
verage "hole"-size of the segregation pattern we 
observe. As far as I know, even the best and 
most sophisticated quench-freezing methods can 
avoid the ice-crystal damage only in a very nar-
row superficial layer of the block, therefore , it 
is not possible to look for such zones in the 
FFFD specimens. 
K. Zierold : Your working conditions for X-ray 
microanalysis are an accelerating voltage of 10-
20 kV and a beam current of 1-2 pA for 40 s. 
This electron dose seems to me very low in or-
der to get a reliable X-ray spectrum. Does this 
not result in a large scattering of the measured 
data? 
Author: No, because the higher excited volume 
gives sufficient X-ray counts (400-500 cps) even 
at such a low beam current. Usual scanning elec-
tron microscope values obtainable for intracellular 
potassium content remain within + 1 relative % • 
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analysis of human muscle biopsies. Histoche-
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